In an effort to understand how the BRCT sequences tial for catalytic function in other helicases, interfered function, we have screened for proteins that contact with normal double-strand break repair in a manner them directly. The search has led to the identification that was dependent on its BRCA1 binding function. Thus, of BACH1, a novel member of the DEAH helicase family.
Introduction

Screen for BRCT Binding Proteins
[P1749R] led to greatly reduced binding and another tion (Taylor et al., 1998) .
[M1775R] (see Figure 1A ) completely abolished binding For BRCA1, these motifs play a critical role in its ability of the 130 kDa protein ( Figure 1C ). Unlike their wild-type (wt) counterpart, the GST-BRCT mutant proteins also failed to interact with this polypeptide in solution (data To whom correspondence should be addressed (e-mail: david_livingston@dfci.harvard.edu).
not shown). 
Purification of the 130 kDa BRCA1 Binding Protein
17 (GenBank accession numbers AA397978, R16443, AI218496). Based on this information, a full-length cDNA To purify the 130 kDa protein, a GST-BRCT fusion protein bound to glutathione sepharose beads (GSSH) was was generated, as described in Experimental Procedures. The open reading frame of this clone predicts the synincubated with HeLa cell nuclear extract. After extensive washing, proteins bound to the beads were eluted by thesis of a 1249 residue polypeptide ( Figure 2B ). When this cDNA was transcribed and translated in vitro, its boiling in SDS-containing buffer, electrophoresed on a polyacrylamide SDS gel, and stained with Coomassie product comigrated with the endogenous 130 kDa protein and interacted with the wt GST-BRCT fusion protein, blue (data not shown). When sufficient quantities of nuclear extract were immunoprecipitated, the 130 kDa as described above (for an example, see Figure 4 ). The N-terminal 888 residues of the protein reveal band was readily detected by this approach. By contrast, it was not detected when either of the above noted strong homology to the catalytic and nucleotide Immunoprecipitates, generated with the Abs denoted at the tops of the figures, were electrophoresed and blotted as described in Experimental Procedures. The blots were probed with ␣BRCA1 (MS110; upper third segment), ␣BACH1 (2G7; middle third segment), or ␣BARD1 (c20; bottom third segment). BACH1 was immunoprecipitated with either IB4 or IG5. BRCA1 was immunoprecipitated with either MS13 or SD118 . In the first experiment (left panel), BARD1 immunoprecipitation was generated with c20 (␣BARD1), and control precipitation was achieved with anti-myc monoclonal antibody. The data presented in the other panels are from a second experiment. (B) BACH1 and BRCA1 colocalize in nuclear dots in MCF7 cells, and colocalization in HCC1937 cells requires reconstitution with wt BRCA1. Asynchronous MCF7 or HCC1937Ϫ/Ϫ BRCA1 cells were dually stained for BRCA1 (using affinity-purified, rabbit polyclonal antiserum to BRCA1, red) and BACH1 (using monoclonal antibody to BACH1, green), as described in Experimental Procedures. Significant colocalization of BRCA1 and BACH1 nuclear dots in a subpopulation of cells is reflected by the presence of yellow nuclear dots in the merged images. BACH1 immunostaining was readily detected in the same HCC1937 cells (lowest middle panel) that were originally analyzed in lane 2/panel 2 when the intensity of exposure of the latter image was increased. BACH1 nuclear dots were also readily detected when the BACH1 antibody concentration was increased 100-fold above that used in the other panels (data not shown).
was detected following expression of the K52R mutant. By contrast, it was not observed in the presence of equivalent levels of either the wt or the double mutant protein. These results indicate that K52R perturbs DSBR in a dominant negative fashion. They further show that this interfering effect is, in part, dependent on the ability of BACH1 to bind BRCA1. Therefore, BACH1, like BRCA1, appears to be important for DSBR, and the BACH1/ BRCA1 interaction contributes to the execution of this BRCA1-dependent function.
Analysis of BACH1 Sequence Variants in Sporadic and Familial Breast Cancer
Human genome analysis localized the BACH1 gene to chromosome 17q22. This region is frequently targeted by allelic losses in sporadic breast cancer, and failure to detect BRCA1 mutations in these cases has sug- Figure 5C ). The sorted cells were either mock treated or gamma available from any of this patient's family members to test for cosegregation of the mutation with breast cancer irradiated, and the abundance of double-strand breaks (DSB) in each culture was analyzed. Previous experience in this kindred. However, the P47A mutation was not detected in the germline DNAs of 200 control individuals, has shown that in multiple cell lines that synthesize wt BRCA1, there is nearly complete resolution of DSB by indicating that it is unlikely to be a polymorphism in the population (Ͻ1/400 alleles), although other polymorsix hours after irradiation (Scully et al., 1999 and data not shown). Therefore, we analyzed DSB repair kinetics phisms were identified (see Table 1 ). The second germline BACH1 mutation, M299I, was also detected in a at 0, 3, and 6 hr following exposure to irradiation by pulsed field gel electrophoresis (Badie et al., 1995; Scully case of early-onset breast cancer and absent in 200 control individuals (Table 1) . Both mutations reside et al., 1999). As shown in Figure 5A , after exposure to 15 Gy, U2OS cells overproducing the K52R mutant of within the region encompassing the helicase domain of BACH1. Indeed, the P47A mutation resides within BACH1 displayed a marked delay in repair, as shown by an increase in the level of unrepaired breaks detecta region resembling the highly conserved nucleotide binding box of known DEAH helicases, while the M299I able at 3 and 6 hr. Importantly, cells synthesizing the double mutant, K52R/⌬C, which should neither hymutation is positioned between two other boxed motifs (see Figure 2C ). Given its location within a conserved drolyze ATP nor bind BRCA1, revealed normal DSB repair capacity at all time points ( Figure 5A ). With these box motif, we further investigated the P47A mutation. Specifically, we incorporated this mutation into an kinetics in mind, we also performed a statistical analysis of these effects, employing multiple experiments in otherwise wt BACH1 allele and expressed both mutant and wt gene products in U2OS cells. Remarkably, dewhich U20S DSBR was tested after transfecting the vector, alone, or vector encoding wt BACH1, K52R, or K52R/ spite comparable expression of the two transcripts (data not shown), the abundance of the mutant gene product ⌬C BACH1. Statistically significant perturbation of repair was considerably reduced, compared to the wt protein.
imen prevented screening of the full BACH1 coding region for another mutation in the remaining allele or for To determine whether this was attributable to altered protein stability, the half-lives of the mutant and wt proany mutation that would restrict expression of the gene. teins were determined. Using the cycloheximide/chase method, the data indicated that BACH1 containing the Discussion P47A substitution was considerably less stable (t1/2: ‫1ف‬ hr) than either the wild-type protein (t1/2: ‫3ف‬ hr) or Endogenous BACH1, a new member of the DEAH family of DNA helicases, interacts directly and specifically with the K52R dominant negative mutant product (t1/2: ‫4ف‬ hr) (Figure 6 ). These results suggest that the P47A alteration the BRCT motif-containing domain of BRCA1. Moreover, BACH1 likely contributes to the DNA repair funcconstitutes a functionally significant mutation and suggest that reduced protein levels attributable to this mution of BRCA1, since a BACH1 derivative bearing a mutation in a key residue that is essential for catalytic function tant allele may be linked to breast cancer predisposition.
Analysis of a laser capture microdissected sample in other helicases interfered with normal DSBR in a manner that was dependent upon its ability to interact with from this patient's tumor did not reveal homozygosity for the P47A change. However, prior fixation of the spec-BRCA1. Tumor-predisposing missense and deletion Mutation Detection Denaturing HPLC was used to detect mutations within the BACH1 Immunostaining coding region. Total mRNA was isolated using STAT-60 (Tel-test, MCF7 cells were grown on coverslips, fixed with 3% paraformaldeInc., Friendswood, TX). The entire BACH1 transcript was amplified hyde/2% sucrose in PBS for 10 min., and permeabilized with 0.5% in an RT-PCR reaction with primers BACH1-PRIM-F (GAATCGGAG Triton X-100 as described previously (Scully et al., 1997c) . Cells CTCAGAGCGTTGCTTCG) and BACH1-PRIM-R (GGGCAACAGAC were then incubated with mouse monoclonal antibodies to BACH1 CAAGACTCTGTCTC) for 25 cycles at 95ЊC for 30 s, 58ЊC for 30 s, (2G7 or 1G5 at 1:50-1:100) and polyclonal anti-sera to BRCA1 (at and 72ЊC for 4 min. Products of this reaction were diluted 100-fold 1:500) in PBS with 1% bovine serum albumin. After washing, approand used as templates in subsequent nested PCR analyses to generpriate species-specific, fluorochrome-conjugated secondary antiate 14 overlapping fragments for dHPLC analysis. Primers and PCR bodies (Jackson ImmunoResearch Laboratories) were applied as conditions are available upon request. Wavemaker software (Transrecommended by the manufacturer, and fluorescence was visualgenomic, Ohmaha, NE) and the Stanford prediction program (availized using a Nikon microscope. able at http://insertion.stanford.edu/melt.html) were used to predict the optimal temperatures for mutational analysis of each amplicon. Aberrant dHPLC profiles were confirmed by sequencing after reamAntibodies Some of the anti-BRCA1 mAbs used were described previously plification of the fragment with primers that included M13-tailed primers. For sequencing analysis, PCR products were resolved by (Scully et al., 1996; Chen et al., 1998). BARD1 antibody was made by subcloning a BglII-XhoI fragment of BARD1 cDNA, encoding gel electrophoresis, treated with exonuclease I (Amersham Life Sciences) and with shrimp alkaline phosphatase (United States Bioresidues 201-777, into the BamHI-XhoI sites of pGEX-4T-1 to generate the vector for the expression of GST-BARD1 fusion protein. GST chemical). They were then diluted 6-fold prior to sequencing. Energy Transfer Dye Primer (Amersham Pharmacia Biotech) sequencing fusion protein purification, antibody production, and purification were performed as described previously (Scully et al., 1996 ; Chen was performed according to the manufacturer's instructions. Potentially heterozygous nucleotides were marked and displayed for evalet al., 1998). Two mouse monoclonal antibodies, generated against a specific BACH1 peptide (NFKPSPSKNKGMFPGFK) (PP15-IB4 and uation by Factura and Sequence Navigator (Applied Biosystems). Specifically, base positions at which the height of the secondary PP112G7), and a third raised against GST-BACH1 (647-1043) (GO-IG5) were also used where indicated.
peak was Ͼ30% that of the primary peak were marked as heterozy-gous and were confirmed by analysis of both sense and antisense beyond its UGA stop codon by multiple suppressions and translational reading gaps. Biochemistry 37, 10866-10870. strands. For LOH analysis, as reflected by the nature of the sequence at the codon responsible for residue 47, paraffin-embedded tumor Cleaver, J.E. (2000). Common pathways for ultraviolet skin carcinoblocks were sectioned and subjected to laser capture microdissecgenesis in the repair and replication defective groups of xeroderma tion to isolate homogeneous regions of histologically normal cells
